ABSTRACT: Four experiments were conducted using 671 nursery pigs to evaluate fermented soybean meal (FSBM) as a new vegetable protein source for nursery pigs. In Exp. 1, a total of 192 pigs weaned at 19.2 ± 0.3 d of age were fed 3 diets (8 pens per treatment) for 2 wk: a control diet (without FSBM) and 2 diets with 3 and 6% FSBM replacing soybean meal, followed by a common diet for the next 2 wk. In Exp. 2, a total of 160 pigs weaned at 21.6 ± 0.2 d of age were fed 4 diets (5 pens per treatment) for 2 wk: a control diet (without FSBM but with 25% dried skim milk; DSM) and 3 diets with 3, 6, and 9% FSBM replacing DSM based on CP. Concentrations of CP, Lys, Met, Thr, and Trp were kept consistent among diets in Exp. 1 and 2. In Exp. 3, a total of 144 pigs weaned at 22.1 ± 0.2 d of age were fed 3 diets (6 pens per treatment) for 2 wk: a control diet (without FSBM but with 40% DSM) and 2 diets with 5 and 10% FSBM replacing DSM based on CP. Concentrations of CP, Lys, Met, Thr, Trp, and lactose were kept consistent among diets. In Exp. 4, a total of 175 pigs weaned at 20.7 ± 0.4 d of age were fed 5 diets (5 pens per treatment) for 3 wk: a basal diet [15.5% CP without plasma protein (PP) and FSBM], 2 diets (18.4% CP) with 3.7% PP or 4.9% FSBM, and 2 diets (21.2% CP) with 7.3% PP or 9.8% FSBM. Concentrations of Lys, Met, Thr, and Trp were kept consistent among diets with the same CP concentrations. Pigs had access to feed and water ad libitum and their BW and feed intake were measured weekly for all experiments. Use of up to 6% FSBM replacing soybean meal improved (P < 0.05) G:F and diarrhea scores of nursery pigs (Exp. 1). Use of up to 9% FSBM replacing DSM reduced (P < 0.05) ADG and G:F (Exp. 2). When lactose concentrations were equal, FSBM could replace up to 10% DSM without adverse effects on ADG and G:F (Exp. 3). Relative bioavailability of protein in FSBM to PP was 99.1% (Exp. 4). Collectively, FSBM can serve as an alternative protein source for nursery pigs at 3 to 7 wk of age, possibly replacing the use of DSM and PP but excluding the first week postweaning for PP when balancing for AA and lactose.
INTRODUCTION
Protein sources derived from animal tissues or products, despite high costs, have been used extensively in feeding nursery pigs because of their increased digestibility (Kim and Easter, 2001; Gottlob et al., 2006) , good palatability (Hansen et al., 1993; Ermer et al., 1994) , and small concentrations of antinutritional compounds (Liener, 1981; Li et al., 1991; Anderson and Wolf, 1995) compared with protein sources derived from plants. However, increasing concern about animal and meat safety has heightened potential uncertainty regarding feeding animal tissue-derived ingredients to animals. Plant-derived ingredients still have limited application in feeding newly weaned pigs because of the complexity of nutrients and antinutritional compounds commonly present in typical plant-derived ingredients, both of which reduce nutrient availability to nursery pigs (Dunsford et al., 1989; Li et al., 1990) . Development of plant-derived ingredients that are very digestible, but without negative factors affecting digestion and metabolism in nursery pigs, becomes important.
Soy protein concentrates, extruded soybean meals (SBM; Gilbert, 1998; Clarke and Wiseman, 1999) , and SBM with enzyme supplementation (Kim et al., 2003 are examples of plant-derived protein sources that are used better by nursery pigs than conventional SBM. Fermentation has long been used to prepare healthy foods for humans (Lee, 1998; Kim et al., 1999) . Fermentation of SBM can provide partially digested soy proteins that are utilized better, that have trypsin inhibitors (one of the major antinutritional compounds) (Hong et al., 2004) . Fermented SBM (FSBM) can also provide live microorganisms that are beneficial to the gut health of nursery pigs. Considering all these potential benefits,
we hypothesized that FSBM could be used in nursery diets, replacing other high-quality protein sources without adversely affecting pig growth. This study was conducted to evaluate the feeding value of FSBM as a new vegetable protein source for nursery pigs relative to Fermented soybean meal for nursery pigs conventional SBM, dried skim milk (DSM), and spraydried plasma protein (PP), as measured by growth and diarrhea score.
MATERIALS AND METHODS
Animal use protocols were reviewed and approved by the North Carolina State University Institutional Animal Care and Use Committee.
FSBM
Fermented SBM was prepared by a commercial company (Genebiotech Co. Ltd., Seoul, Korea) as described by Hong et al. (2004) . Briefly, dried SBM were soaked with distilled water to maintain a 35% moisture concentration for 60 min. Hydrated SBM were then cooked in a steam tank at 60 to 70°C for 1 h. The cooked SBM were cooled to room temperature for 1 h, inoculated with Aspergillus oryzae GB-107 (10,000 cfu/g of SBM), mixed, and fermented in a packed-bed incubator for 48 h. After fermentation, FSBM were dried at 50 to 60°C to a moisture concentration of approximately 10% and then ground with a hammer mill. Nutrient composition of the SBM and FSBM used in this study is shown in Table 1 . Amino acid composition was measured by HPLC as described in Mateo et al. (2007b) . Glycinin and β-conglycinin concentrations were measured as described by Panthee et al. (2004) . Briefly, fractions of proteins were extracted as described by Bradford (1976) , and each fraction of proteins was further separated by SDS-PAGE, followed by measuring the density of each band. Phytic acid concentration was measured by a modified colorimetric method using crude acid extracts from each ingredient, as described in Gao et al. (2007) .
Animals
For this study, a total of 671 nursery pigs were used in 4 experiments. Nursery pigs were the progeny of PIC Phase 1 diets were fed for 2 wk postweaning. Control = control group fed a diet without fermented soybean meal; FS3 = test group fed a diet with 3% fermented soybean meal; FS6 = test group fed a diet with 6% fermented soybean meal; FS9 = test group fed a diet with 9% fermented soybean meal.
2
Phase 2 diets were fed for the next 2 wk after phase 1. boars × Cambrough-22 sows (Pig Improvement Company, Hendersonville, TN) and were used for the experiments immediately after weaning. All pigs were housed in pens (1.5 × 2.1 m) with slatted plastic floors. The room temperature was kept at 30°C at the beginning of the study and then gradually reduced to 25°C by the end of the study. The photoperiod consisted of 10 h of artificial light and 14 h of darkness. Pigs had access to feed and water ad libitum. Feed intake and BW gain were measured weekly. Other detailed procedures are described in Mateo et al. (2006) .
Design and Experimental Diets
Exp. 1. This experiment was conducted to determine whether replacing SBM with an equal amount of FSBM would improve the growth performance of newly weaned pigs when the concentration of limiting AA was kept the same. Pigs (n = 192) were weaned at 19.2 ± 0.3 d of age and allotted to 3 dietary treatments (Table 2 ) representing 1) a control group fed a diet without FSBM; 2) FS3, a test group fed a diet with 3% FSBM; and 3) FS6, a test group fed a diet with 6% FSBM. Each treatment had 8 replicates and 8 animals per pen. Pigs were fed the experimental diets for 2 wk (phase 1), followed by a common diet for the next 2 wk (phase 2). Antibiotics were not used in any experimental diets. Diets were formulated to the same concentrations of Lys, Thr, Trp, Met, ME, Ca, and P. Corn and yellow grease ratios were altered to keep dietary ME concentration the same among treatment diets. Nutrients were provided to meet or exceed the requirements suggested by NRC (1998). Incidence of diarrhea was observed daily during phase 1 based on a 5-point scale, wherein 1 = watery and 5 = normal, as described previously by Kommera et al. (2006) .
Exp. 2. This experiment was conducted to determine whether CP in FSBM could replace an equal amount of CP in DSM without adverse effects on the growth performance of newly weaned pigs when con- centrations of limiting AA were equal. Pigs (n = 160) were weaned at 21.6 ± 0.2 d of age and allotted to 4 dietary treatments (Table 3) representing 1) a control group fed a diet with 25% DSM and 0% FSBM; 2) FS3, a test group fed a diet with 22% DSM and 3% FSBM; 3) FS6, a test group fed a diet with 19% DSM and 6% FSBM; and 4) FS9, a test group fed a diet with 16% DSM and 9% FSBM. Each treatment had 5 replicates and 8 animals per pen. Pigs were fed the experimental diets for 2 wk (phase 1) and a common diet for the next 2 wk (phase 2). Diets were formulated to the same concentrations of Lys, Thr, Trp, Met, ME, Ca, and P. Incidence of diarrhea was observed daily during phase 1, as described in Exp. 1. Exp. 3. This experiment was conducted to determine whether FSBM could replace DSM without adverse effects on the growth performance of newly weaned pigs when concentrations of lactose and limiting AA were equal. Pigs (n = 144) were weaned at 22.1 ± 0.2 d of age and allotted to 3 dietary treatments (Table 4) representing 1) a control group fed a diet with 40% DSM and 0% FSBM; 2) FS5, a test group fed a diet with 32.4% DSM, 3.8% lactose, and 5% FSBM; and 3) FS10, a test group fed a diet with 24.8% DSM, 7.6% lactose, and 10%, FSBM. Each treatment had 6 replicates and 8 animals per pen. Pigs were fed the experimental diets for 2 wk (phase 1) and a common diet for the next week (phase 2). The amount of DSM was 40% in the control diet and was gradually replaced by increasing amounts of FSBM (5 and 10%). Lactose was added to match lactose concentration among the diets. Diets were formulated to the same concentrations of Lys, Thr, Trp, Met, ME, Ca, and P. Incidence of diarrhea was observed daily during phase 1, as described previously.
Exp. 4. This experiment was conducted to determine the nutritional value of FSBM in comparison with PP. A classical slope-ratio design was used, as described previously (Hahn et al., 1990; Littell et al., 1997; Kim and Easter, 2001) . The design of a slope-ratio experiment involves a minimum of 5 dietary treatments. Pigs (n = 175) were weaned at 20.7 ± 0.4 d of age and al- lotted to 5 dietary treatments (Table 5) representing 1) BA, a negative control group fed a diet without PP and FSBM; 2) PP1, a test group fed a diet with 3.7% PP but without FSBM; 3) PP2, a test group fed a diet with 7.3% PP but without FSBM; 4) FS1, a test group fed a diet with 4.9% FSBM but without PP; and 5) FS2, a test group fed a diet with 9.8% FSBM but without PP. The BA diet was designed to be deficient in essential AA (0.90% Lys) so that the addition of either PP or FSBM was expected to improve growth of the pigs. The PP1, FS1, PP2, and FS2 diets were formulated to contain increased amounts of essential AA (1.15% Lys for PP1 and FS1 and 1.40% Lys for PP2 and FS2), but CP and total Lys concentrations were below the requirement recommended by NRC (1998). Each treatment had 5 replicates and 7 pigs per pen. Pigs were fed the experimental diets for 3 wk. Depending on the treatment, each diet had different combinations of PP and corn starch or FSBM and corn starch. Crystalline AA were added to the FS1 and FS2 diets to match concentrations of Lys, Met, Thr, and Trp to the corresponding PP1 and PP2 diets. Diets were formulated to contain similar concentrations of Ca and P.
Statistical Analyses
Nutrient concentrations in SBM and FSBM were compared using the GLM procedure (SAS Inst. Inc., Cary, NC). Data were also analyzed using the GLM procedure of SAS for a randomized complete block design in Exp. 1, 2, 3, and 4. The pen was considered the experimental unit in all experiments. Separation of means was accomplished using the PDIFF option of SAS. Probability values less than 0.05 were considered significant, and values between 0.05 and 0.10 were considered trends.
A slope-ratio assay (Littell et al., 1997; Kim and Easter, 2001; Mateo et al., 2007a ) was used to examine the effects of added dietary protein (AA) concentrations by source (PP vs. FSBM) on growth in Exp. 4. The relative bioavailability (RBV) was determined by comparing the slopes of the regression lines, assuming a common intercept.
RESULTS

FSBM
After fermentation, CP concentrations increased (P < 0.05) from 50.3% in the initial SBM to 55.3% in the FSBM (DM basis), but Lys concentrations (3.3%) were not changed (Table 1) . Fermentation of SBM reduced (P < 0.05) glycinin and β-conglycinin concentrations by 40%. Fermentation also reduced (P < 0.05) phytic acid concentrations by 35%.
Exp. 1. Initial BW of pigs did not differ among treatments (Table 6) . During wk 1, ADG of FS3 tended to be greater (P = 0.061) than the control, whereas ADFI did not differ among treatments, resulting in improvements (P < 0.05) in G:F for FS3 and FS6 compared with the control. During wk 2, ADFI of the control tended to be greater (P = 0.054) than FS3 and FS6 even though ADG did not differ among treatments, resulting in improvement (P < 0.05) in G:F for FS3 and FS6 compared with the control. When pigs were fed a common diet during wk 3 and 4 (phase 2), there was no difference in ADG, whereas ADFI of the control tended (P = 0.057) to be greater than for FS6 during wk 3, resulting in improvements (P < 0.05) in G:F for FS6 compared with the control. However, ADFI and G:F did not differ among treatments during wk 4. Final BW did not differ among treatments. Overall, the use of FSBM during the first 2 wk after weaning improved (P < 0.05) G:F during the entire 4-wk period. Diarrhea scores for pigs fed FS6 tended to be greater (P = 0.063) than for pigs fed the control (Table 6) .
Exp. 2. Initial BW of pigs did not differ among treatments (Table 7) . During wk 1, ADG of FS3 and FS6 did not differ from the control. However, ADG and ADFI of FS9 were less (P < 0.05) than for the other Least squares means within the same row lacking a common superscript tend to differ (P < 0.10).
c,d
Least squares means within the same row lacking a common superscript differ (P < 0.05).
1 Each treatment had 8 replicates with 8 pigs per pen. 2 Control = control group fed a diet without fermented soybean meal.
3 FS3 = test group fed a diet with 3% fermented soybean meal. 4 FS6 = test group fed a diet with 6% fermented soybean meal. 5 Pooled SEM. 6 Diarrhea score was recorded during the first 2 wk (phase 1) using a scale of 1 (watery) to 5 (normal).
Fermented soybean meal for nursery pigs treatments. Gain:feed did not differ among treatments during wk 1. During wk 2, there were no differences in ADG or ADFI among treatments. However, G:F of the control was greater (P < 0.05) than for FS3 and FS6. During wk 1 and 2 combined (phase 1 period), ADG of FS3 and FS6 did not differ from the control or FS9. However, during phase 1, ADG and ADFI of FS9 was less (P < 0.05) than for the control and ADFI of FS9 was less (P < 0.05) than for FS3. Gain:feed and diarrhea score were not different among treatments. During phase 2 and overall, there were no differences in ADG, ADFI, and G:F among treatments.
Exp. 3. Initial BW of pigs did not differ among treatments (Table 8) . During wk 1 and 2 (phase 1), ADG and G:F of FS5 were greater (P < 0.05) than for the control. There was no difference in ADFI among treatments during phase 1. During wk 3, ADFI of FS10 was greater (P < 0.05) than for the control, whereas ADG and G:F were not different among treatments. During the entire period, ADG of FS5 tended to be greater (P = 0.069) than for the control, whereas ADFI and G:F did not differ among treatments. Diarrhea score was not different among treatments.
Exp. 4.
Initial BW of pigs did not differ among treatments (Table 9) . During wk 1, ADG of PP2 was greater (P < 0.05) than for FS2. The ADFI of both PP1 and PP2 were greater (P < 0.05) than for FS1 and FS2. There was no difference in G:F among treatments during wk 1. During wk 2, ADG of FS2 was greater (P < 0.05) than for BA. There was no difference in ADFI among treatments. The G:F of FS2 was greater (P < 0.05) than for the other treatments, and G:F was greater for FS1 and PP2 than for BA. During wk 3, PP1, PP2, FS1, and FS2 had greater (P < 0.05) ADG than BA. The ADFI of PP1, PP2, and FS1 were greater (P < 0.05) than the ADFI of BA. The G:F of FS2 was greater (P < 0.05) than that of BA. During wk 1 to 3, ADG of PP1, PP2, and FS2 were greater (P < 0.05) than that of BA. The ADFI did not differ among treatments during wk 1 to 3. The G:F of FS2 was greater (P < 0.05), whereas the G:F of BA was less (P < 0.05) than for the other treatments.
The bioavailability of AA in FSBM relative to the bioavailability in PP during the entire experimental period (wk 1 to 3) was 99.1% based on the changes in ADG of pigs as they received increasing amounts Least squares means within the same row lacking a common superscript differ (P < 0.05). 1 Each treatment had 5 replicates with 8 pigs per pen. 2 Control = control group fed a diet without fermented soybean meal. 3 FS3 = test group fed a diet with 3% fermented soybean meal. 4 FS6 = test group fed a diet with 6% fermented soybean meal. 5 FS9 = test group fed a diet with 9% fermented soybean meal. 6 Pooled SEM. 7 Diarrhea score was recorded during the first 2 wk (phase 1) using a scale of 1 (watery) to 5 (normal).
of Lys from the diets. The ADG was modeled as Y = 117.9 + 106.5 × PP + 105.5 × FSBM, where Y = ADG (P-value for the slope of PP = 0.016; P-value for the slope of FSBM = 0.011; P-value for the intercept of the model = 0.021; P-value for the overall model = 0.036; and P-value for the difference between the slopes of PP and FSBM = 0.940). Thus, there was no difference between the slopes of PP and FSBM. The RBV of FSBM to PP was calculated based on (105.54/106.53) × 100 = 99.1%.
DISCUSSION
This study evaluated FSBM as a novel vegetable protein source for young pigs. Fermentation of SBM by A. oryzae increased CP concentrations from 50.3 to 55.3% without affecting concentrations of the major limiting AA for pigs.
After fermentation, the size of peptides in SBM can be decreased (Hong et al., 2004) and the reduction in peptide size can be beneficial to newly weaned pigs with potentially limited gastric HCl secretion needed for protein digestion (Cranwell, 1985) . Most of the peptides in FSBM were smaller than 10 kDa, whereas most peptides in SBM were between 20 and 250 kDa (Hong et al., 2004) . This indicates that the fermentation process removed a substantial portion of the glycinin and β-conglycinin because most of the subunits composing glycinin and β-conglycinin are greater than 20 kDa (Helm et al., 2000; Rickert et al., 2004; Deak et al., 2006) . Glycinin and β-conglycinin are potential antigenic and allergenic compounds (Holzhauser et al., 2009) for newly weaned pigs, causing villus atrophy and crypt hyperplasia in the small intestine (Li et al., 1990) ; thus, reduction of glycinin and β-conglycinin in SBM can be beneficial to nursery pigs. When SBM was fermented with A. oryzae GB-107, approximately 40% of the glycinin and β-conglycinin in SBM were destroyed.
Trypsin inhibitor concentration in SBM can be reduced after fermentation as well (Hong et al., 2004) , and the reduction in trypsin inhibitor concentration can improve protein digestion in the small intestine. Trypsin inhibitors are well known to reduce protein digestibility in pigs (Yen et al., 1977) , and this reduction becomes more pronounced as trypsin inhibitor concentration increases (Herkelman et al., 1992) .
In Exp. 1, SBM concentration in the control diet was 21%, which would not be expected to cause adverse effects in the growth of pigs (Friesen et al., 1993) . When FSBM replaced an equal amount of SBM up to 6%, growth of pigs was not improved; however, G:F was improved. Friesen et al. (1993) fed diets with various amounts of SBM but with a constant lactose concentration to newly weaned pigs (0-to 14-d postweaning period) and showed that the BW gain of these pigs was reduced when SBM concentration was greater than 25%. This may have been due to increased amounts of antinutritional compounds as SBM concentration increased.
Lactose is an important energy source for nursing pigs. Numerous studies have demonstrated the importance of lactose in newly weaned pig diets for improving growth and feed intake (Tokach et al., 1989; Mahan, 1992; Nessmith et al., 1997) . Pig performance improved with increasing lactose content up to 25% (Graham et al., 1981; Tokach et al., 1989) . Dried skim milk is a high-quality protein source for nursery pigs. Many studies, including the early work of Schendel and Johnson (1953) and Pettigrew and Harmon (1977) , demonstrated the benefits of using DSM in diets for nursery pigs. However, because of the high cost, the use of DSM in nursery diets has been rather limited (Thaler and Holden, 2007) . In Exp. 2, lactose concentration in the control diet was 24.7% and the concentration was reduced to 20.2% as DSM was replaced by up to 9% FSBM. Pigs fed a diet with 9% FSBM had reduced ADG, mainly because of reduced ADFI compared with pigs in the control group. This reduction disappeared when lactose concentrations were matched as DSM was Least squares means within the same row lacking a common superscript differ (P < 0.05).
c,d
Least squares means within the same row lacking a common superscript differ (P < 0.10).
1 Each treatment had 6 replicates with 8 pigs per pen. 2 Control = control group fed a diet without fermented soybean meal.
3 FS5 = test group fed a diet with 5% fermented soybean meal. 4 FS10 = test group fed a diet with 10% fermented soybean meal. 5 Pooled SEM. 6 Diarrhea score was recorded during the first 2 wk (phase 1) using a scale 1 (watery) to 5 (normal).
Fermented soybean meal for nursery pigs replaced by up to 10% FSBM in Exp. 3. This result agrees with the reports of Mahan et al. (2004) and Cromwell et al. (2008) , who showed that feed intake and growth rate of nursery pigs were improved when dietary lactose content was increased by up to 25%. The results from Exp. 2 and 3 indicate that FSBM can replace the use of DSM, but only when lactose and 4 limiting essential AA (Lys, Thr, Trp, and Met) are included at the same concentrations.
Plasma protein is a high-quality protein source for newly weaned pigs because of its balanced nutrient concentrations and increased digestibility (Hansen et al., 1993; de Rodas et al., 1995) . Plasma protein inclusion up to 10% has been shown to improve growth performance (Kats et al., 1994) . Recent research shows additional benefits of PP because of its functional peptides and immunoglobulins, which can improve the health of nursery pigs (Van Dijk et al., 2001; Touchette et al., 2002; Bosi et al., 2004) . In the present study, growth of pigs increased as dietary Lys concentration increased from 0.9 to 1.4% by adding either PP or FSBM to the diet. During the first week after weaning, pigs fed diets containing PP had greater ADG than pigs fed diets containing FSBM. However, when considering the entire 3-wk period, improvements in BW gain did not differ between pigs with additional PP and FSBM when the concentrations of Lys, Met, Trp, and Thr were equal between the diets. The RBV of FSBM to PP was 99.1% when the 3-wk period was considered, and there was no difference in growth response between FSBM and PP. A slope-ratio assay is an effective method to compare RBV of nutrients from different sources (Hahn et al., 1990; Kim and Easter, 2001; DeRouchey et al., 2002; Kim et al., 2004) . In this experiment, 3.7% PP was replaced by 4.9% FSBM, with the addition of Lys, Thr, Met, and Trp to match AA profiles. Considering that the RBV of FSBM to PP was 99.1% for the pigs from 3 to 6 wk of age, 1.00 unit of PP can be replaced by 1.34 unit of FSBM with appropriate crystalline AA supplementation.
Collectively, solid-state fermentation of SBM by A. oryzae eliminates possible adverse effects of feeding SBM to newly weaned pigs and thus provides the opportunity to use vegetable protein sources in feeding newly weaned pigs. This study showed that the use of FSBM to replace SBM improved the efficiency of nutrient utilization for growth by newly weaned pigs, and that FSBM could partially replace the use of milk proteins without adverse effects on growth when the diets were balanced for Lys, Thr, Trp, Met, and lactose. It was obvious that PP was a better protein source than FSBM during the first week postweaning. However, when the entire 3-wk postweaning period was considered, the RBV of protein in FSBM to that in PP was similar when the diets were balanced for Lys, Thr, Trp, and Met. 
